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7 The activity-dose enezyy PeZationships for  Be, "iV, 2211?a and 
24Na act iv i t ies  induced i n  musste t.iPssue bg proton bombardnent have been 
measured through the enezgy rmge up t o  580 MeV', lrhe PeZationshtp between 
rd3at ion dose and indueed act iv i ty  for any gtven proton bombapding energy 
is defznod, The detem.iPnation of thQ pad$atisn dose pece&ed by an astro- 
naut from cosmic radiation of unknown energy by measuring *he concentrations 
of the radioaceive isotopes indwed i n  hts body is discussed, 
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During space f l i g h t s  astronauts a re  exposed t o  cosmic radiat ion which 
does biological  d m g e  t o ,  and produces radioactive iscatopes i n ,  the  body. Cosmic 
radiat ion consis ts  of ga lac t ic  cosmic radiat ion and Van Allen Belt radiat ion,  
which a re  qui te  predictable,  and so la r  f l a r e  radiat ion,  which is r e l a t ive ly  un- 
predictable,  The radiat ion dose received from ga lac t ic  cosmic radiat ion is  not 
high enough t o  be considered a health hazard by i t s e l f  ( q  100 mrad/2% hr s )  
The dose received from Van Allen radiat ion (. 200 rad/”hr)”) can be calculated,  
The p a r t i a l  dose from protons can be rather accurately calculated,  however, the  
assessment of t i s s u e  dosage for t he  electron f lux  of t h e  V a n  Allen Belt is 
possible only by approximation methods (even using only the  primary and second- 
ary electron interact ions)  
produces bremsstrahlung radiat ion up t o  8 MeV which eas i ly  penetrates t he  vehicle 
and fur ther  complicates the  total dose appraisal. 
(1) 
In  addition, the mass shielding of the  spacecraft 
The dose from a la rge  solar flare, which @an develop i n  minutes and emit 
high energy pa r t i c l e s  for  periods of 36 t o  48 hours, could be qui te  substant ia l ,  
Indeed, there  have been several  so la r  f l a r e s  observed which produce a pa r t i c l e  
flux high enough t o  be l e t h a l  t o  an wshfalded astronaut i n  
the  confines of a typ ica l  spacecraft 
energetic primary pa r t i c l e s  of such a f l a r e  and the  secondary neutrons produced 
within the  h u l l  of the spacecraft ,  would be considerably above t h e  presently 
accepted tolerance bevelse 
negative flux/energy gradients , consequently depth-dsse distrSbwki.ons depend 
sensi t ively on shielding, B i s ~ a s ‘ ~ ’  has shown tha t  t h e  number of par t fc les  other 
than protons i n  a so l a r  f l a r e  const i tute  a minor fractgon of the  t o t a l  ff”gux (from 
a maximum of 10% at average energies of $0 MeV/nueleon t o  l e s s  than 1% at  energies 
of 100 MeV/nucleon). 
E:l which has been observed at very low energies (a few MeV) Ip however, these low 
energy alpha pa r t i c l e s  w i l l  not s t r i k e  t h e  astronaut and $bus w i l l  not impart 
any primary radiat ion dose t o  h i m ,  For t h i s  reason these i n i l i a %  studies have 
been r e s t r i c t ed  t o  proton irradiations. 
Even within 
the  radiat ion dose received from t h e  
The trapped and solar f l a r e  par t fc les  ha-ve steep 
Schaefer”’ discusses a proton t o  alpha p8r-tfcle r a t i o  of 
The normal method f o r  estimating the  radiat ion exposwe t o  astronauts 
involves the use of nuclear emulsion f i b  dosimeters and thermoluminescent 
dosimeters which are  worn on the  body and ionization chambers which a re  placed 
at  spec i f ic  locations within the  spacecraft ,  
measurement t o  spec i f ic  points on the  astronaut ;Bs body o r  spec i f ic  capsule 
locations,  and have a very l i m i t e d  sens i t i v i ty  t o  var ia t ion i n  pa r t i c l e  type 
These dosimeters l imi t  t he  dose 
- 5 -  E3MWL-SA-1921 
w d  energy, 
measuring the  radiat ion dose received by an individual i n  t h e  mult ipar t ic le ,  
multienergy space environment, although t h i s  information is of v i t a l  importance 
f o r  t he  safe ty  of future  astronauts 
Thus, as y e t ,  no completely sa t i s fac tory  method ex i s t s  f o r  accurately 
(1) 
Experience i n  nuclear c r i t i c a l i t y  accidents " '6'7'where individuals 
were exposed t o  a high energy p a r t i c l e  f lux,  has shown the most cer ta in  index of' 
radiat ion dose was the  induced a c t i v i t y  i n  t h e i r  bodies, 
estimating the  radiat ion dose received by an astronaut following exposure t o  
so la r  f l a r e  p a r t i c l e s  appears t o  be p rac t i ca l  and would have the  advantage of 
providing a d i r ec t  measure of the  t o t a l  e f fec t  of t he  bombarding pa r t i c l e s  as 
A similar approach t o  
recorded by radionuclide production throughout t he  body, 
Experiments have been perfomed by Benson, e t  a l ,  '8 '  i n  which t h e  
7 radionuclides Be and 24Na  were measured i n  primates (Macaca mulata) following 
exposure t o  proton beams of various energies. 713e and 24Na 
a c t i v i t i e s  were measured i n  the  sacr i f iced  monkeys following exposure, Analysis 
of these data  indicates  tha t  these radionuelides would be measurable in a man by 
whole body counting following an i r r ad ia t ion  w i t h  f i ve  t o  t en  rads of' b5>$li-energy 
protons, 
(20,5 m ha l f - l i f e )  a c t i v i t y  i n  %he blood from pa t ien ts  undergoing therapeutic 
i r r ad ia t ion  with high-energy- protons. 
blood 'IC analysis as a measure of radiat ion dose from high energy protons, 
Haller and Jung ""have made calculat ions of t h e  amounts of radionuclides pro- 
duced by 150 MeV protons i n  t a rge t s  of the 5me elemental composition as the  
human brain and %he whole human body using known or  estimated spa l la t ion  cross 
sections.  Numerous invest igators  have calculated the  radiat ion dose t o  muscle 
t i s s u e  i n  spec i f ic  geometries by protons of various energies, However, most 
reports  on t h e  a c t i v i t y  induced by, o r  radiat ion dose from, 8 broad spectrum 
of high energy protons have been theo re t i ca l  with no animal o r  human exposure 
data,  and very l i t t l e  experimental work t o  help assess astronaut exposure 
s t a tus  0 
I n  t h e i r  work t h e  
GrafFmm and Jung '"have repoPited measurements of t h e  induced "C 
They suggest the  poss ib i l i t y  of using a 
This communication describes a technique whereby the radiat ion dose 
received by an astronaut could be determined fo r  a given geometry of spacecraft 
and astronaut from a measurement of t h e  radionuclides produced i n  h i s  body. 
Theoretical 
The use of induced radionuclides i n  t he  body as  a measure of proton 
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radiation dose has several advantages over film badge dosimeters: 1) the  ac t iv i ty  
i s  indicative of" the whole body exposure rather  than a single poin t (s )  on the  
body; 2) the  radionuclides a re  induced by the spectrum of par t ic les  which are 
doing the  radiation damage, and the radionuclide production r e f l ec t s  the  spectrum 
changes i n  different  par t s  of the  body rather  than depending only on the incident 
radiation, and 3)  t he  induced ac t iv i t i e s  provide a sensi t ive measurement of 
radiation dose over-an extensive energy range of incident radiation, 
I n  Table 1, the  calculated amounts of the various radionuclides which 
would be produced i n  the  body of the  as%ronaut by a two day exposure t o  normal 
galact ic  radier;tion a re  summarized, The three most abundant species which are 
of half l i f e  suf f ic ien t ly  long t o  serve as a monitor af%er returning t o  ear%h 
from a space f l i gh t  are 24Na (tl12= l g O O  h), 'Be Etll2= 53 d) and 22Na (tlI2= 
2.60 y ) *  The radionuclides llC (tl12= 20-5 m) and 13N (tl12= 9.96 m )  would 
serve as the  most sensi t ive a c t i v i t i e s  fo r  in-fl ight monitoring. The 42K (tlI2= 
12.4 h, Ey = 1,524 MeV) radionuclide although produced i n  re la t ive ly  large 
quantit ies would be d i f f i cu l t  t o  measure due t o  the  similar energy of i t s  gamma 
radiation to tha t  of t he  natural  'OK (2,8 x EO dis/min/70 kg man, E~y-1~460) i n  
the  body. 
5 
If the bombarding energy of the cosmic par t ic les  were monochromatic 
and precisely known, then an etetivi1y-dose-energy relationship for any one of t he  
above l i s t e d  isotopes wo Id  y ie ld  the radiation dose received by the  astronaut, 
However, since cosmic ray spectra (solar f l a r e  spectra) are neither pn~nochromati~ 
nor precisely known, an "effective" proton bombarding energy must be obtained 
f o r  use i n  the activity-dose-energy relationships T h i s  "effective" proton 
energy can be determined fr~pn the measurement of two or more of the induced 
ac t iv i t i e s ,  
and th i s  r a t i o  provides %he necessary information for  determining the "effectfve" 
bombarding energy which can then be used i n  the determination of radiation dose, 
The r a t i o  of any two of the  induced a c t i v i t i e s  changes with energy, 
Experimental Procedure 
The ta rge ts  used t o  simulate the thoracic region of the  body of an 
astronaut i n  t h i s  work were made of beef muscle t i s sue  which w a s  t r i p l y  ground 
t o  help insure homogeneity, Samples were pressed in to  one inch thick circular  
sections eleven inches in diameter, stacked together t o  any desired target  depth 
fo r  t he  i r radiat ions,  and frozen, They were separated by th in  films of saran t o  
permit easy separation of the ta rge t  after the radiation exposure, 
Ir 
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Targets were exposed to proton beans generated by t h e  IHamard University 
md the Space Radiation Effects Laboratory w@lOtPOnS. The two inch diameter bepuns 
were incident normally i n  the  center of the face of eylind-nieal t a rge t s  which were 
e i the r  twelve o r  eighteen inches thick,  
ing the m a x i m u m  energy cyclotron beam at Harvard w i t h  polystyrene absorbers. 
SREL cyclotron nominally generates two energies, and a t h i r d  w a s  obtained by t h e  
use of a copper absorber, 
and by t h e  induced ac t iv i ty  i n  alumfnum and lucike discs ,  Primary proton energies 
of 580, 430, 320, 125, 86 and 50 MeV were used w i t h  a t o t a l  of loL3 t o  10 
The beam energies were obtained by degrad- 
The 
The beam currents were measured by a proportional counter 
I4 pro- 
tons incident at each energy, The t i s s u e  t a rge t s  were frozen at dry i c e  tempera- 
tures p r io r  t o  i r rad ia t ion ,  i r rad ia ted  for periods of twenty minutes t o  two hours 
with no additional cooling md returned t o  dry i ce  temperatures immediately afier 
i r rad ia t ion ,  
t a rge t s  were separated i n t o  their  one inch th ick  sections short ly  af%er each 
i r rad ia t ion  at t he  SREL cyclotron, and the! positron annihilation radiat ion was 
determined by coincidence counting techniques using f ive  inch diameter by four 
inch th ick  sodium iodide, thallium activated,  se in t i%la t ion  detectors,  A pre- 
liminary bombardment of a muscle t i s s u e  sanple at 320 Mev showed the  positron 
a c t i v i t y  t o  follow the  half  l i f e  of 13N for  over twelve half  l i ves ,  
cates  that the  contribution t o  the  positron ac t iv i ty  induced i n  muscle t i s sue  
by proton i r rad ia t ion  at t h i s  energy from 'le9 o r  my other positron emitter,  
t o  be negligible compared t o  t h e  I 3 N  ac t iv i ty ,  
No thawing of' t he  ta rge t  w a s  observed during the  i r rad ia t ion ,  The 
This indi-  
All  t a rge t s  were returned Lo the  laboratory at Rich lad ,  Washington 
a f t e r  i r rad ia t ion  fo r  analysis of t he  induced radionuclides 'Be, 22Na and 24Na0 
The t a rge t s  were separated i n t o  their  one fnch thfek sections,  and a six inch 
diameter ceneer portion of each section w a s  removed, This center section was 
sealed i n  a one inch deep by six inch diameter P e t r i  dish and counted i n  a m u l t i -  
dimensional, sodium fodi  e ,  gamma-ray spectrometer, Aliqasta vere taken from 
the  outer portion of each section etaad coun%ed t o  determine t h e  radial distri- 
bution of" t he  radionuclides, 
Because of t he  very s m a l l  mxmnts of radioact ivi ty  i n  many of t he  samples 
mua-t;idimensiona% gamma-ray spectrometers were used for  dl of t he  measurements, 
These comt in  
s c i n t i l l a t i o n  crystals between which the  sample i s  positioned for counting, 
c rys ta l s  are operated simultaneously i n  both the  cofneidence and singles modes 
and i n  anticoincidenee w i t h  an ~ n ~ a r  sod im iodide or p l a s t i c  phosphor detector, 
sys t em m e  composed of two large sodium iodide, thall ium activated,  
The 
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These e n t i r e  c rys t a l  assemblies are shielded with a minima of four inches of lead 
i n  all direct ions,  
multipmameter analyzer memories. 
The s ingle  and coincidence events are stored i n  4096 channel 
These systems are designed for  maximum eff ic iency 
wTth minimum background and Compton interference ( la  ,12,l3) 
Experimental Results and Discussion 
The most abundant radionwlides  produced i n  t he  t i s s u e  samplesp which 
7 have half-l ives i n  a convenient range for analysis,  are Be, 2%a and 243Ta0 
radionuclide '%I is the  most abundant short-lived radionuclide and although it 
could provide a very sensieive estimate of in-fl ight exposure i t s  short  h&f' life 
would usually r e su l t  i n  i t s  decay before ground based measurements could be made 
on returning astronauts,  The production r a t e s  of the& radionuclides were deter- 
mined from the i r rad ia t ion  t h e  and beam current using t he  appropriate buildup 
and decay equations. BeryPlium-7 m d  sodim-22 were shown t o  be predominantly 
proton produced species as no measurable a c t i v i t y  c o d d  be observed beyond t h e  
proton range i n  the  muscle $issue, while 2'Ma was shown %o be produeed primarily 
by [ t h e m d )  neutrons, 
of 24Na i n  t h e  t i s s u e  seetions,  1% was a lso evident on comparing the  24Na ac t i -  
v i t i e s  i n  t w o  d i f fe ren t  tissue t a rge t s ,  one of which w a s  i r rad ia ted  d i r ec t ly  with 
125 MeV protons and t h e  other which head the  primary 'beam t o t a l l y  absorbed i n  a 
2 , h  inch a%minuoa absorber placed direet1y i n  f ront  of %he %argeit, 
The 
This l a t t e r  fact w a s  evident from %he rad ia l  d i s t r ibu t ion  
The mode of 
n of the "E ac t fv i  y is as yet meer ta in .  
7. The observed a c t i v i t i e s  of Be, 22Na and 24Na per inc8cSent proton 
vs, proton energy- a re  shown i n  Figure lo These relationshfps are Bulshielded 
t i s s u e  t a rge t s  which were 11 inches far diameter by 12 inches th ick ,  
ac t iv i ty  per  un i t  of whole body dose 888, pro%csn energy, which is based on 
is shown i n  Figwe 2 ,  
by 3.2 inch th ick  t i s s u e  8 
region of an astronaut, 
mental data  and %he dashed curves are based on the theore t ica l  c 
A p lo t  of 
Fig, 1, 
I n  these two figures the  % o t a l  ac t iv i ty  i n  11 inch diameter 
Pes was used, This  volume would s imuhte  %he thoracic 
The so l id  curves fn  Figures 1 and 2 represent our experi- 
Similar t heo re t i ca l  ca lcu la t i  ns fo r  t h e  production 
These experimental re la t ionships  alone provide the  necessary infor- 
e and dose from observed a c t i v i t y  where 
(141 Jm@; 
been made, 
mation for determining radiat ion expos 
t h e  energy spectrum of the incident- protons is known. 
spectrum is unknown t h e  ratios of the various induced radionuclides can provide 
an "effective" energy of the  ineiderat protonso 
7Be9 '%, 22Na and 
Fig, 3. It is immediately evident that these curves of' fsotape ratios a re  energy 
gIowe'7Pe1, where %he energy 
The various ra%%os of %he isotopes 
24 Ma as ea fmetismn sf incident proton energy are  shown i n  
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dependent and t h a t  t he  isotope r a t i o s  i n  muscle t i s s u e  samples define t h e  energy 
of the  primary proton beam, 
of these radionculides i n  an astronaut who had been exposed t o  d i rec t  cosmic radia- 
t i o n  i n  space, by means of whole body counting, bioassay analysis,  e t c ,  , could 
serve t o  define an ef fec t ive  proton bornbarding energy, 
bombarding energy w a s  established, reference t o  any of the  a c t i v i t y  per un i t  dose 
vs. proton energy curves would provide t h e  dose received by the  astronaut, 
I n  an actual s i tua t ion  t h e  measurement of t he  r a t i o s  
Once th i s  effectfve proton 
This method provides an ex%remely sensitsve measure of radiat ion dose t o  
By use of the  anticoincidence shielded counters at our Laboratory, an astronaut. 
it would be possible t o  determine as l i t t l e  as l sad of 125 MeV protons by whole 
body counting of Be and 24.Na, 
detected from whole body measurements of 
mates would not be possible,  Once the  complete activity-dose-energy relat ion-  
ships a re  established for l 3 N  production, precise  measurement of doses of l e s s  
than 0,001 rad w i l l  be possible, 
a Radiation doses of l e s s  than 0,OOl rad could be 
24 Na alone; however, precise dose esti- 
Since a unidirect ional  proton beam from an accelerator has been used t o  
simulate the  f a i r l y  isotropic  cosmic radiat ion and ground beef muscle t i s s u e  has 
been used t o  simulate an unshielded astronaut, changes must be made t o  define the  
activity-dose-energy and the fsotope ratio-energy relateonships for  actual space 
conditions, 
although t h e  t rend of" any changes can be predicted, 
Such relat ionships  can undoubtedlly bes t  'be determined experimentally 
F i r s t  consider %he changes i ~ ~ o l ~ ~ ~  by shielding an astronaut i n  a space 
capsule, 
t o  t h e  unshfelded. dose from the  same bean? 
is reduced since the  %ow energy component of the  spectrum i s  stopped by t h e  
absorber and t h e  high energy component fs degraded t o  a lower energy, 
not be the  case if a l l  t he  pwtfcles  had suf f ic ien t  energy t o  penetrate both the  
hul l  of the spacecraft and the  astronaut; however, t yp i  al so lar  f l a r e  spectra 
do not fa l l  i n  t h f s  category. 
not change appreciably, and although th i s  secondary dose now becomes more sfgni- 
f iean t  r e l a t ive  t o  the  p r h a r y  dose, 'the net  e f fec t  i s  s t i l l  a la rge  decrease i n  
the  t o t a l  radiat ion doseo The e f fec t  on the  r a t i o  of isotopes wELl be more pro- 
nounced f o r  the low energy region w i t h  very l i t t l e  i f  any e f f ec t  at the higher 
energies, 
f ica t ions  would be expected under any shielding conditions, 
planned experiments would allow the  changes i n  t h e  radionuclide production and 
How does t h e  dose received f r ~ m  8 unfdfreetional proton beam compare 
The dose from the  primary radiat ion 
This would 
The dose from the secondary radiat ion w i l l  proba%ly 
For t h e  charged p a r t i c l e  produced radionuelides l i t t l e  or no modi- 
A few properly 
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r a t i o  as a f'unction of" shielding and geometry t o  be established, 
vide relationships of t h e  type presented here fer m y  arbitrary geometry an8 shfeld- 
fng 
This could pro- 
An a d d i t i o n d  consideration in ac tua l  space exposures is  t h e  degree of 
isotropy of the radiat ion,  
isotropic  cosmic radiat ion from the unidirectional radiat ion f i  
t o ry  are uncertain; however, the  e culations of Wright, et  
t h e  whole body dose will go down by a s igniffcant  
radiation, 
The exact changes which w i l l  occur in going %o the  
unt fo r  a given incident 
Once suf f ic ien t  data have been col lected t o  draw the a c t ~ ~ i t y - d o s e - e n e r ~  
curves for  a given geometry md shielding, the  dose reeedved by an a ~ % r o n a ~ t  i n  
a spacecraft can be detemrined by mems sf whole . ~ ~ d y c o ~ n t ~ n ~ ~ ~  bioassay analysis 
on h i s  r e t u r n  t o  earth o r  perhaps during f l i gh t .  
induced a c t i v i t i e s  serves to define an ef fec t ive  proton bonbarding energy from 
the  isotope ratio-energy- cwveso This e i fee t ive  energy and. one o f t h e  radio- 
nuclide concentrations a re  then used $0 dete ine the  radiat ion dose from the  
appropria%e wtivi%y-doss-energy cwve.  
The ratio of t w o  or more of t he  
A s  the  size of spacecraft m d  the payload capacity of launch vehicles 
increase, sinflar dose measurements could be perfomed rout inely f n  f l i gh t ,  
t h i s  si$ua%ion the  
specific aetfviSy following solar f l a r e  proton bombardmen%, 
ments of  %he positron 
a reSlativeSy simple matter, anfa parhaps the  a ~ ~ r ~ ~ a u t  couP&i merely in se r t  m 
a m  or l eg  i n  a small counting system for t he  n e a s ~ ~ e m e ~ t ~  
In 
actfvELy w o u l d  be $. prime choice due t o  i t s  very high 
~ o ~ ~ ~ c i ~ e ~ ~ e  measure- 
nfhffatBon rsdiatiein assoeia-bed w i t h  I 3 N  decay 
SimiP%r%y a fairly 
l counter assembly could be designed for on-board use which wou3.d naneaawe 
%his or  perhaps other  induced radionuclides i n  bioassay ( w i n e  1 specimen 
aapgr, the  re lat ionship between radiation dose arid Snduced activity 
i n  tissue has been established for mshialded t i s s u e  smples  o f  a s i z e  eomparabls 
t o  t he  thoracic region of a m a n ,  
radionuclides defines the  energy of t h e  incident proton beam, If these relat ion-  
ships were established fo r  typical shfePding e o ~ d i t i ~ n s  of an astronaut it should 
The m e ~ s ~ r ~ m e n t  oi h e  ratios 0%" t he  observed 
be possible to dete 
of unknown energy by nneaswing the  radioae%ive isotopes fnduced i n  his bodyo 
%ne the  dose received by an ~ s t r ~ n a u ~  from cosmic radlfation 
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TABLE I 
Estimated Radionuclide Concentration in an Astronaut After a Two Day Actual Flight 
R ad ion u c I ide Half-Life 
Be i 
llC 
13N 
"aa 
24 i~a  
28Al 
28 
3 1 ~ i  
38s 
3 9 ~ ~  
Mg 
Cf 33 
41 Ar 
42K 
43K 
43 sc 
%c 
49Ca 
64cu 
56M n 
86Rb 
5? d 
20.5 min  
9.96 min  
2.58 y r  
15.0 hr 
2.3 min 
21.3 hr 
2.6 hr 
2.9 hr 
37 rnin 
55 m in  
110 min  
12.4 hr 
22 hr 
3.9 hr 
4.0 hr 
8.8 m i n  
2.58 rnin 
12.9 hr 
18.7 d 
Activity dpm * 
190 
20,000 
>lo6 
0.3 
2,300 
3,000 
5 
2,300 
3 
440 
2 
20 
300 
2 
2 
2 
150 
5 
30 
0. 7 
Mode of Production 
Spallation of l60, "C and 14N,i? = 10 mb. 
Spallation of '*C, 14N and l60 
Spallation of Na and 0 
Spallation of 23Na, 40Ca and 31P 
Neutron Activation of Na 
Spallation of 31 P 
Spallation of 31P, 40Ca and 32S 
Spallation of 31P, 34S and Ca 
Spallation of 42 to 48Ca and K 
Neutron Activation of CI 
Spallation of 
Spallation of K 
Neutron Activation of K 
44 Spallation of Ca 
44 Spallation of Ca 
44 Spallation of Ca 
Neutron Activation of Ca 
Neutron Activation of Mn 
Neutron Activation of Cu 
Neutron Activation of Rb 
14 16 
23 
40 
41 
37 
42 to 4gCa and 41K 
41 
41 
48 
55 
63 
85 
* dpm >O. 2, y Active 
11 
10 
9 
8 
7 
t 
0 
0 
Q 
-c-. 
L 6 - 
E 
E 
\ 
5 =-3 > 
V 
w .- .- 
-c-. 
a 
4 
3 
2 
1 
0 
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22Na x 10l1 1 0 
0 80 160 240 320 400 480 560 640 
Incident Proton Energy (MeV) 
FIGURE 1 
7Be, 13N, 22Na, and 24Na Activity Induced in a Beef Muscle 
Tissue Sample Eleven Inches in Diameter by Twelve Inches 
Thick as a Function of Proton Bombarding Energy 
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1 0 “Na 0 7 ~ e x  
Ex per i menta I 
4 13N x lom9 
0 24Na x lom3 
640 160 240 320 400 480 560 0 80 
Incident Proton Energy (MeV) 
FIGURE 2 
7Be, 13N, 22Na, and 24Na Activity Induced in a Beef Muscle 
Tissue Sample Eleven Inches in Diameter by Twelve Inches 
Thick as a Function of Proton Bombarding Energy. Dose 
Based on 70 kg. Standard Man 
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l2 11 ~ 
1 -  
0 .  
0 80 160 240 320 400 480 560 640 
Incident Proton Energy (MeV) 
FIGURE 3 
Ratios of Various Activities Induced in a Beef Muscle Tissue 
Sample Eleven Inches in Diameter by Twelve Inches Thick as 
a Function of Proton Bombarding Energy 
